The experimental characterization of hindered-rotation barriers and mapping the energetic heterogeneity of water molecules bound to the molecular "surface" of proteins is critical for understanding the functional interaction of proteins with their environment. Here, we show how to achieve this goal by an original wide-line NMR procedure, which is based on the spectral motional narrowing phenomenon following the melting (thawing) process of interfacial ice. The procedure highlights the differences between globular and intrinsically disordered proteins and it enables to delineate the effect of solvent on protein structure, making a distinction between point mutants, monomeric and oligomeric states, and characterizing the molecular interactions taking part in different cellular processes. We put this unique experimental approach introducing novel physical quantities and quantifying the heterogeneous distribution of motional activation energy of water in the interfacial landscape into a historical perspective, demonstrating its utility through a variety of globular and disordered proteins.
Introduction
Understanding protein function at the molecular level is one of the best proxies to understanding life itself. Proteins are the workhorses of living systems, being involved in countless types of activities and interactions orchestrating the action of other types of molecules: partner proteins, substrates and other macromolecules, which collectively make up a living cell. For a long time, a dominant approach to deciphering protein function has been to solve 3D structures, primarily by X-ray crystallography, as witnessed by more than 100,000 *Manuscript Click here to view linked References 2 structures deposited in the Protein Data Bank (PDB) [1] . So much insight in protein function has been offered and actually generated by this approach that the exclusivity of solving and analyzing static structural pictures of proteins has been practically unchallenged in protein science until very recently.
Of course, it has always been appreciated that protein structure can change, which forms an essential part of the functioning of some (e.g. allosteric) proteins [2] , but it was only with the advent of the funnel view of the energy landscape of proteins [3] that it began to be appreciated that all proteins are better described as a dynamic ensemble of conformations.
Whereas this transition suggests that function actually comes from the dynamics of structure [4] , it also infers that the subtleties of function are tightly linked with its heterogeneous "surface" (interfacial region), which mediates its interactions with the environment.
Interaction of the protein with one partner always occurs at the expense of interaction with others, including hydrate water molecules, which means that the description its heterogeneous energetic surface is indispensable for understanding its function [5, 6] . It appears that this is one of the most neglected areas in molecular protein science.
The closely related subject of distinguishing ordered from disordered nature (state) of proteins arose some twenty years ago. Since the first comprehensive overview [7] on the concept and the techniques applied for studying intrinsically disordered (unstructured) proteins (IDPs/IUPs) [8, 19] a rapid expansion of the field occurred and a continuously growing demand of more exact approaches and solutions, to the underlying structural concepts can be seen [10] . The categorization of ID/IU proteins and variety of terms and categories appearing in the literature [11] (e.g. pliable, flexible, mobile, vulnerable, chameleon, dancing)
complemented by an endless combinations of "natively, naturally, inherently, intrinsically" with "unfolded, unstructured, disordered, denatured" indicate that their description by quantitative measures instead of simply contrasting them with structural order (as marked by terms disordered and unstructured) is highly desirable.
We suggest that part of the problem is that no well-defined, single order parameter is established in the field, which would be derived from a single, measurable physical quantity, and which could help classify a protein in quantitative terms as ordered, disordered or a given mixture of both. Our goal is to clear this issue through addressing the following questions: i)
Can we define and measure one or more order-parameter-like quantities for quantifying the extent of the ordered or disordered state, and ii) Can the quantitative changes of such an order 3 parameter be followed in physiological processes? We have laid previously the ground of answering these questions by introducing the HM parameter, which characterizes the mobility of the hydrogen-hydrogen (proton-proton) radial vectors in lyophilized proteins [12] . Solid state (crystalline and/or lyophilized) proteins are motionless i.e. considered as rigid only at very low (at liquid nitrogen or much rather at liquid helium) temperatures. Although proteins shown earlier as disordered by several experimental methods score higher on the HM scale of mobility than globular lysozyme, they are far from the HM value of some small-molecule reference compounds, such as hydrocarbons. However, the mobility of the polycrystalline, globular lysozyme is not zero at room temperature, and it is an open question if there is any connection between the temperature at which the motion starts and the (extent of the) ordered or disordered state [13] .
One may object that proteins cannot be classified by a single order-disorder parameter derived from gross characteristics of the geometrical structure, rather by the distribution of some physical and chemical properties and/or the attributes measured, and its relationship to physiological function(s). In accord, it is reasonable to ask what properties, beyond the geometrical structure (architecture), determine the physiological function of proteins. We suggest that surface hydration, which mediates the interactions of the protein with its environment, is a critical and characteristic parameter worth taking under closer scrutiny. To this end, the temperature-induced changes of wide-line 1 H-NMR spectra are studied for frozen and stepwise-heated aqueous protein solutions, focusing on the thermal effects on the interfacial regions of proteins and, particularly, the differences in the dynamical properties of interfacial water molecules. We attempt the rigorous descriptions of the thermodynamic processes (e.g. phase transitions) induced by changes in temperature and relate it to the static properties (e.g. architecture) of the proteins. The heterogeneity of binding properties makes this task difficult in a multiphase system, but revelational for quantifying "order and disorder" of proteins.
During freezing and melting the protein solutions, we observe the temperature at which atomic motions of water molecules in the interfacial region ("hydrate layer") of the protein become active, to be denoted as "melting start" 1 (MS). This start of mobility and the 1 footnote The term "melting" means here the appearance of the motionally narrowed component in the NMRspectrum. The motion involved should be fast enough on the NMR time-scale. The relative weight of the narrow spectrum component is plotted in the "melting diagram" as a function of temperature. Quotation marks were 4 following "melting process" (MP) were studied for several proteins in seeking a comprehensive interpretation of the whole process from the start of the mobility up to 0°C. To be more precise, our goal is the quantitative interpretation of the wide-line NMR spectra, especially the motionally-narrowed spectrum components measured in protein solutions. The phenomenon of motional narrowing plays a key role in NMR spectrometry [14] , because it distinguishes rigid and mobile nuclear-spin ensembles and therefore it gives the physical basis for the interpretation of the "melting diagrams" (MD).
The fundamental goal of our work is to interpret the MDs in terms of measurable quantities.
We deal with the reinterpretation of such results in literature, which were achieved when the potential of the MDs were yet not foreseeable. We attempt here to show the road taken to arrive at the present state. On this road, such ideas were made use of (e.g. fundamental temperature, or Waugh and Fedin's working hypothesis; see details in section "4 Small steps..."), which have already been known in other fields, but we have for the first time applied and even corrected them in this field. Furthermore, new quantities have been suggested such as order parameters, which characterize the heterogeneity of the potential barrier, or the derived MD to describe the "melting rate" of the interface. We believe that this study comprises not a historical description only, but perspective hints also, which point beyond past and present. Such hints are e.g. the possibilities to study molecular interactions, the critical value for the salt content of solutions. In the case of some particular proteins, these hints can be considered as not fully beaten but promising paths besides the already covered ones. Briefly, the following sequence of the chapters lead us from the old-style melting diagrams and the qualitative conclusions deduced to the new diagrams and their quantitative interpretations.
We suggest that the extent of heterogeneity in the measurable physical-chemical properties can help classify proteins, and the introduction of an order parameter ranging from zero to one provides a meaningful and continuous metric of order and disorder.
used because the only types of motion to be accounted for are libration and rotation, in contrast with the classical melting (solid to liquid phase transition) which results in both translational and rotational motions in the liquid phase. To put it more precisely, the vectors connecting two protons are in motion and their angles with the static magnetic field change, but the proton-proton distances remain constant. The detailed formalism can be found in refs. [12, 14] . 
Water molecules map the interfacial space
The proton-proton spin-pairs located in the phases of bulk ice, protein, and interface can be separated by virtue of large differences in their mobility. These differences result in components of the free induction decay (fid) NMR signal characterized by different decay constants. The fid signal is the basis of the method applied to measure the fraction of the mobile water component at T < 0°C (Fig. 1) . The melting of the hydration shell can be tracked on this basis and it can be distinguished from the melting of bulk ice. By the phrase "hydration shell", we mean water molecules in the protein-water interface, whereas "melting" means the start of their reorientation. The water phase, which melts at about 0°C, is termed here as bulk water and bound water is the water phase, which melts well below 0°C (see also [15] ). The water molecules in the bound phase interact with the protein molecules and with several other water molecules too. This separation of water into two phases is quite unambiguous at subzero temperatures, when the two phases are thermodynamically/ physically separated, which infers that they can also be separated experimentally.
Details of the experiments, including protein preparation and NMR experiment set up can be found for each protein in the references cited. A more extensive description of and also a practical guide to the NMR experiments can be found in chapter 12, ref. [8] and chapter 13, ref. [9] , respectively. [17] . We compared and related these findings to similar studies on globular Ubiqitin [18] , further IDPs, like ERD14 and p53TAD, and members of the casein family (unpublished results). These latter examples are in full agreement with the general conclusions drawn. The reasons of selecting the particular proteins, and the details of the applied experimental methods were outlined earlier [16] [17] [18] 8, 9] . It is important to note that the NMR measurements were done in the direction of heating, to avoid the problems caused by hysteresis.
The earliest investigations were carried out on buffered protein solutions of physiological NaCl concentration (usually Tris-buffer: 150 mM NaCl, 50 mM Tris, 1 mM EDTA, pH = 7.4). It was found that the "melting diagram" (MD), which represents the MP of a particular protein solution, depends on the protein-to-ion concentration ratio [17, 18] and this called for the investigation of solutions prepared in distilled water solely (see e.g. human nuclear phosphoprotein p140 (hNopp 140) [19] ).
We could provide evidence that the protein Df31 (Drosophila melanogaster histone chaperone involved in chromatin decondensation and stabilization) is intrinsically disordered along its entire length [20] , the entire proline-rich region of CASK-interactive protein1 is intrinsically disordered [21] , and that the results depend also on the protein structure (primary to quaternary level) [22] and its propensity to form a complex [23] . It was also found that a living organ, the eye lens, which contains various kinds of crystallins [24] in high concentrations, has characteristics similar to the protein solutions concerning the "non-freezing water phase" [25] . The examples given not only report on properties of individual proteins, but also illustrate the new phenomenon revealed by the applied measurement methods.
Five typical MDs selected from our earlier works demonstrate that the mere visual comparison of the diagrams can reveal remarkable features (Fig. 2) . (The mobile water fractions presented here in the melting diagrams are normalized to the protein concentration 50 mg/ml. The actual protein concentrations in the measured samples are given in Table 1 ).
One representative example for the globular and the ID proteins are compared in Fig. 2 . BSA is used here as a globular standard (circles, Fig. 2 ) and ERD10 is an IDP (stars, Fig. 2 ) [18] ;
the MD of double distilled water is shown as the universal standard (squares, Fig. 2A ). The effects Na + and Cl -ions make on the hydration properties can be observed ( In these and similar MD studies, the following observations were made and qualitative conclusions drawn:
-The (temperature dependent) number of the mobile water molecules in the interfacial region can be determined by analyzing MDs.
-The beginning of the motion of the water molecules (MS), which interact with the protein as first neighbors and the whole MP show a varied picture. A few common characteristic features can be found, however. The onset of the molecular motions can be considered as a melting-type transition. Certain motional processes start at significantly lower temperatures in the interfacial "ice" than in the bulk ice (0°C). This is a general finding for every protein studied to date.
-The attributes of MDs measured on globular and ID proteins show important differences:
globular proteins have lower MS, and an MP almost independent of temperature, while the MD of IDPs is highly dependent on the temperature.
-In the case of proteins in solutions containing NaCl, the properties definitely shift towards "disorder" relative to salt-free solutions. The combination of the NMR and DSC results highlighted protein-ion interactions [17, 18] .
-More information on the dynamics of water molecules, mentioned here only marginally, is also clearly apparent. The wide-line NMR spectrum of interfacial water molecules becomes narrower as the reorientation of the molecules accelerates with increasing temperature [18] . As a result, the mobility (HM) of the hydrogen-hydrogen (protonproton) nuclear dipole-pairs increases and contributes to the specific heat [18] .
-The rotational and translational diffusion of water molecules can be studied as a function of temperature by looking into the actual presence and type of NMR echo-signals [25] .
Information on the characters of the homogeneous or heterogeneous local hyperfine-field contributions of magnetic origin can also be gained this way.
Our results also emphasize the necessity of precision in setting experimental conditions and of high accuracy in measurements. [26] , and the electric and thermal properties of the hydration shell.
Small steps (milestones?) on the way of quantitative interpretation and a working hypothesis
As suggested above, we could only provide partial and incomplete interpretation of melting diagrams (MDs) in our previous publications, which has led to largely qualitative conclusions. [12] . MDs shown in Figure 2A and 2B qualitatively differ for globular proteins and IDPs, which infers that particular "features" quantitatively defining order and disorder could be defined based on the MDs.
We find it necessary to make a move toward more quantitative interpretations, to reach a deeper understanding by introducing clearly defined and experimentally determined features, in a way similar to that achieved previously for the mobility/dynamics of hydrogen-hydrogen (proton-proton) vectors in solid (crystalline and lyophilized) protein samples

First we address the seemingly naive question if it is advisable to present and interpret our
results on a Celsius temperature scale? It seems generally accepted that thermodynamics of water -and life itself -manifest themselves on the Celsius scale. In consequence, on the horizontal axis of our coordinate system we traditionally put not a dimensionless number but a dimensional physical quantity, i.e. degrees in Celsius. On the vertical axis, however, the line-narrowed NMR fid amplitude values are presented on a relative scale of simple numbers,
showing what portion of water molecules are partially bound to the protein molecules. More precisely, we indicate what portion of water molecules are in certain potential energy wells generated partly by protein and partly by the neighboring water molecules (hindering the water movement) in the interfacial region. These water molecules can be termed "bound" [16] . In advance, these water molecules are bound weaker than those in bulk water, i.e., they have a lower melting temperature, between -40…-70 o C This environment is principally different from the potential field generated by bulk water molecules in pure water, defined by H-OH bonds of tetrahedral geometry.
This also means that no matter what approach of series expansion we apply for the mathematical description of MDs, the parameters obtained by fitting will have dimensions. In addition, the parameters of different order will have different dimension, which renders them directly incomparable. Our impression is that life scientists cannot operate with these "amplitudes", especially if they try to interpret them as physical-chemical quantities.
In accord, it is desirable to present a dimensionless (normalized) physical quantity on the horizontal axis too. In their book, Thermal Physics, C. Kittel and H. Kroemer [27] gave the possible temperature scales and various approaches of describing and measuring temperature.
It appears that for our purpose the use of fundamental temperature 2 , an energy/temperature scale defined in energy units, is the most expedient. In this scale, by definition
where, k B = 1.381·10 -23 J K -1 is the Boltzmann constant, and T is absolute temperature in K.
In molar units
where R = 8.314 J K -1 mol -1 is the universal gas constant.
These scales are useful if we think in terms of thermal activation energy units. On these energy scales, the melting temperature(s) of the interface (MS) or particular points of MD one can relate to the melting point of bulk ice (water), thus introducing the T fn normalized fundamental temperature as
On this relative T fn scale, the melting point of bulk ice (water) is 1, whereas that of the interfacial ice (water) is a positive number that falls between 0 and 1. If we apply these dimensionless axes, and work on relative NMR amplitude and normalized fundamental temperature scales, the fitting of MDs can be achieved correctly, for example with the polynomial series
or for practical point of view as
where the parameters T fno and T fne are the lower limits for the first and second order terms to be active (we shall give their physical meanings in Section 6).
In this representation, n is the mobile water (bound to protein) content, and the amplitudes A, B, and C are (dimensionless) numbers, i.e. they can be directly compared. Their relative value can relate either to the total water content of sample or to the total interfacial water. 
We will use their original formula in a corrected form, because the original one is dimensionally incorrect. The proportionality factor (37) is not dimensionless, because it relates two quantities of different dimensions (kcal/mol and K, i.e. its dimension is truly identical to that of the universal gas constant!). 
where the quantity c is dimensionless, probably a parameter that depends on the number (degree) of motional (rotational) freedom of water molecules.
The value of c can be determined by applying Eq. (6b) to bulk ice/water and considering the molar heat of fusion of water, which is 6.02 kJ/mol (= 1.439 kcal/mol, or the specific heat of fusion is 334 kJ/kg) [29] . This is the thermal activation energy required to overcome the potential energy barrier that hinders the movement of water molecules in bulk ice. The It is easier to address certain issues if we relate the rotational energy barriers in the interface to those in the bulk water: this way the value related to the etalon will be proportional to T fn .
By our result thus far, the potential energy barrier of the interface is smaller, differing only by 20-25% from that in the bulk. One might ask how it relates to the energy of HO-H bonds in bulk water. Clearly, the melting energy barrier of 6.02 kJ/mol and the energies reduced by protein binding give a reasonable energy scale, and they are significantly smaller than the energy required to break four H-OH bonds upon evaporation of bulk water.
As far as the character of weak interactions, the mathematical formalisms used, and thoughts that arise with regards to the order of magnitude of potential barriers related to water solutions are concerned, it is probably not superfluous to remind the reader to a few handbooks and works. For the H-bond, the work of M. Chaplin [29] , for weak interactions in general, the HM parameters [14] , which describe the movement of proton-proton radial vectors. All these works point to the abrupt change in the molecular-dynamic characteristics of protein molecules within the narrow temperature region of 200-220 K. In all our measurements, the beginning of MS falls in this region, which infers a clear correlation between the change of protein dynamics and the melting of interfacial ice (water). If this link is proven to be correct, one might characterize protein dynamics within the given region through studying hydration water melting.
Next, we will focus on the interaction of protein and water molecules, through the results of homogeneity/heterogeneity of respective potentials and their energy distributions. We will show their unique character and the differences between globular and disordered proteins.
Melting diagram of new form for protein-water solutions
We present MD for the pure (and buffered, in a few cases) water solution of some select proteins to show how the novel view outlined in Section 4 enables to reinterpret these observations. We present our results on the suggested T fn temperature scale. We also give the scale of rotational energy barrier (based on 2.65 RT kJ/mol, eq. 6b) in the figures, providing support to our working hypothesis. The two scales enable the immediate assessment of the amplitude of the energy barrier that hinders the rotation of water molecules with thermal activation. The globular protein ubiquitin (circles), the intrinsically disordered wild-type α-synuclein (stars) dissolved in double distilled water and the mobile water fraction measured for double distilled water is also shown (squares,
panel A). (B) β-casein dissolved in double distilled water (circles) and in Tris-buffer (stars). The protein
concentrations were 41 mg/ml ubiquitin, 25 mg/ml wild-type α-synuclein, and 50 mg/ml β-casein. The mobile water fraction data were calculated for 50 mg/ml protein concentration in each case
In the figures, it is interesting to note that the melting of reference water (square MS points) is a few degrees below T fn = 1, which might come from inaccuracies of setting and recording the temperature, the inhomogeneity of sample temperature, contaminations of the sample (e.g. dissolved oxygen), and the large relative surface of the small sample. Apparently, the local surrounding of water molecules in this environment differs from that in pure bulk water.
In accord, we relate the melting that occurs immediately below T fn = 1 in our protein containing samples also to the contamination of our sample and the effect of its surface.
Therefore, we leave these MD points of protein solution samples out of consideration. In the MS initial phase, the MD curves reach within a few degrees (an energy range of ~0.2 kJ/mol) the value associated with hydration by classical chemistry. In Figure 3A , it is clear that on the T fn scale this value is ~0.02. One might assume that this value carries valuable information on the heterogeneity of the potential energy distribution of the first hydration shell. We should not forget the experimental problems referred to in the previous section, which will have to be solved in the future. Until this is done, we will describe this melting with a single step, we consider the potential energy barrier homogeneous, and assume that the number of water molecules, which start moving in this region is constant (parameter A in polynomial fitting).
Making these caveats, the analysis and interpretation of the rest of the MD of UBQ is rather straightforward. Water in the interface melts at a certain temperature (MS ~ T fn = 0.81-0.83 4 ), and from here the number of mobile water molecules does not change in a broad range, up to T fn = 0.94 (unlike their mobility, as demonstrated already [16, 27] ). It is to be emphasized that the MD "plateau" indicates that no breakable water bonds exist within this energy range (T fn = 0.83 -0.94). That is, the approximate activation energy range 5.04-5.7 kJ/mol is excluded in the spectrum accessible for water molecules. For an ideal globular protein, the entire molecule should behave like this. In the current case, further water molecules start moving in the range T fn = 0.94 -0.99, in increasing numbers as temperature rises. It seems that part of the molecules behave different: they appear as disordered. What fraction shows this irregular behavior? Let's assume (as a Delphi forecast) it is about 23% (which will be rationalized later). In advance, we can state that each globular protein studied displays this irregular behavior.
The water solution of α-synuclein confirms the points raised with regards to UBQ ( Figure   3A ), which shows a basically different behavior. Here, the number of moving water molecules increases steadily from MS on, without reaching a plateau. Each different thermal activation energy value can move a new fraction in the interfacial population, i.e., melting (and the corresponding potential energy surface) is heterogeneous. The whole molecule shows "irregular" behavior. By its suggested ID character, its "disorder" spreads over the entire molecule (the Delphi forecast to its heterogeneity is approximately 100%). The MS behavior of the two molecules is clearly distinct, the hydration shell of the globular protein melts at a lower temperature (T fn = 0.83), whereas that of the ID/IU protein is closer to the bulk water (T fn = 0.88)
In Figure 3B , we show the melting curve of -casein, which is a more ordered protein in water (circles) than in buffer of 150 mM NaCl (stars) The NaCl co-solute makes the protein display a "surface" behavior more similar to that of disordered proteins, and its MD shows similarities to that of -synuclein ( Figure 3A ). The number of mobile water molecules measured in a protein solution cannot be reproduced as a sum of the MD measured for the protein-free Tris-buffer and the MD of the protein dissolved in pure water [17] . The melting of water molecules occurs (MS) at T fn = 0.81-0.82, a plateau can be detected from T fn = 0.82 to T fn = 0.97, where the MD changes into an increasing phase. The "forecast" gives a value of 14% for the irregular portion of the protein. When dissolved in a buffer solution, the protein interacting with co-solutes makes the curve rise constantly, and the MD can be fit the best with an initial linear function followed by a quadratic function. The initial temperature of the two states, here that of the "irregular" phase becomes lower, the whole molecule changes significantly due to the co-solutes.
In Figure 4A , we compare the MD diagram of the wild-type and the E46K -synuclein (published [18] and unpublished data). It is to be mentioned that two other mutants have also been studied, the A53T variant behaves similar to the WT, whereas A30P looks more like E46K.
The two -synuclein variants in Fig. 4A show the typical MD behavior of IDPs. Both have an MS of high temperature (T fn = 0.87) and MDs of somewhat different slope, with WT being steeper. It is to be emphasized that wide-line NMR spectrometry can distinguish pointmutants based on the binding heterogeneity of the protein surface, similarly to our prior measurements on lyophilized samples based on proton-proton vector mobility [13] . We will return later to the issue of the quantitative definition of the "slope".
We compare the monomeric and amyloid state of WT -synuclein in Figure 4B 
The ratio and measure of water-protein binding heterogeneity
The MDs shown in Sections 3 and 5 provide the number of water molecules that start moving at a given temperature, and help distinguish regions which do not change, change slowly or faster as a function of temperature. By observing the beginning and slope of these characteristic regions, we can try to estimate the magnitude (ratio) of homogeneous (nonchanging) and heterogeneous (changing) populations.
As an example, let's consider the first MD measurements [16] on the buffered solution of the fragment PRD2-His (the proline-rich region of Caskin1 protein) (Fig. 5) . We have the most complete results with this protein. We measured the number of moving water molecules at several temperature values and fitted it with a polynomial Eq. (4). The variable A is a temperature-independent factor, which characterizes the homogeneous component, whereas B
and C characterize the number of water molecules connected to heterogeneous potential surface regions. The fitted parameter values are collected in Table 1 .
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The number of water molecules which just start moving at a given thermal energy can derived from the rate of the change (derivative curve, Fig. 5B ) in the MD. The amount of the water molecules, which just get on the move at the actual temperature, relates to the bonds broken at the given thermal energy value. So, the number and distribution of energy barriers can be obtained. If the MD can be approached by an analytical function, then the rate of change is given by the derivative, i.e. by the differential quotient dn/dT fn dn/dT fn =B+2C T fn + …
or else the difference quotient (Δn/ΔT fn ) gives the results. (4) (line) and (B) its differential quotient (number of water molecules which just start moving) for the fragment PRD2-His of the proline-rich region of cascin1 protein dissolved in Tris-buffer. The protein concentration was 25 mg/ml. The mobile water fraction data (A) were calculated for 50 mg/ml protein concentration.
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We define the quantities required to determine the ratio of heterogeneity to homogeneity (HeR) as follows. Let T fno be the normalized fundamental melting temperature of a homogeneous protein region (surface), and T fne that of a heterogeneous protein region. We suggest that the following definition of the ratio of heterogeneous binding interface is a useful measure of the structural disorder of proteins. One needs to take a closer look at the parameters of the polynomial fitting function to answer the following questions. Why do we use the fundamental temperature scale only for categorization, and why is the ordinate made use of only to the extent that to check if its value changes with temperature. By looking at the curves of WT and E46K -synuclein in Figure   4A and 4B, and also the differences of monomeric and amyloid states, it is clear that the (4), whereas heterogeneity can be characterized with the sum of the B and C terms (non-zero exponent). More correctly, we use the sum of the derivatives (Eq. 5) B + 2C, which can be done because B and C are dimensionless due to having introduced fundamental temperature and normalization to the melting of bulk ice (water). We also demand from the heterogeneity parameter that it represents energy regions of hydrogen bonds formed between the protein and the water molecules, which are close to the HOH energies present in bulk water. We suggest the following parameter as the measure of heterogeneity.
The dimensionality of the formula is OK, and takes a value of zero for ideal (equipotential) proteins (B + 2C = 0), and 1-T fne marks the energy range within which B + 2C pieces of heterogeneous protein-water bonds are broken. HeM can serve as a measure of binding heterogeneity (which could be related to structural disorder), but that is not an "order parameter" in traditional sense, because the upper limit (namely the 1) is missing at present .
HeM redefines the value we tried to reach by referring to the slope of MD previously in [18] , without success.
Select examples from our results and the novel concept are demonstrated through a globular and a disordered protein in Fig. 6 . The preliminary results are summarized for most of our experimental results in Table 1 . These were evaluated and are interpreted in the proposed way. Parameter A gives the amount of water molecules bound to homogeneous surficial protein residues and T fno is the melting point of this water fraction. Parameters B and C describe the fraction of the water molecules bound to heterogeneous surficial protein residues and T fne is the melting point of this water fraction. The heterogeneity ratio is calculated as HeR = (1 -T fne )/(1 -T fno ) and the heterogeneity measure is HeM = (B + 2C)/(1 -T fne ). The details of the work on the mentioned protein families are to be published later. In our previous studies [16] [17] [18] [19] [20] [21] [22] [23] , we raised that a motional-narrowed wide-line NMR spectroscopic approach can be used for recording MD curves. The novelty of this study is to interpret the MD curves through energy potentials, which did not occur to us in the initial studies. In accord, the density of experimental points in prior works is often insufficient to carry out the present analysis, in particular in the initial (MS) phase of the curves. This section of the curve carries important information, because the energies of the water molecules, which start moving here, are the farthest from those of the water molecules in the bulk, engaged in tetrahedral HOH bonds. Therefore, the water molecules, which fall in a very narrow energy range, are the direct embodiment of the "first" hydrate layer of the protein. Although we approach this region in the current work with a single energy value (a single A in heterogeneity-ratio HeR is 0.14-0.28 for the proteins in the first four rows in Table 1 , and T fno (~MS) is generally lower than that of IDPs.
b) WT and E46K α-synuclein (rows 5-8, Table 1) WT α-synuclein (WT-aS) can assume structural states which are placed at far away regions on a virtual order to disorder scale. The oligomer behaves very similarly to the traditionally globular proteins, namely it has a plateau (B = 0) and HeR = 0.34. The MDs of the monomeric and the amyloid forms show markedly different properties compared to the oligomeric form.
The monomeric WT-aS shows stronger and the amyloid has weaker ID properties.
Accordingly, the monomer is of more heterogeneous bonding character than the amyloid or the (mostly ordered) oligomer. The differences between the MDs of E46K-and WT-aS demonstrate, that wide-line NMR is able to make clear distinction between point mutants (for the experimental details see [22] ; detailed interpretation will be published separately).
c) Disordered proteins/states (rows 6-15, Table 1) As globular proteins can have disordered parts (paragraph a), the opposite behavior is also apparent in our studies, because some disordered proteins show definite signs of structural order. This observation probably attests to the unique capacity of our approach in determining the tendency of IDPs for transient structure formation. It is speculated for many IDPs, that they transiently sample structured states in the disordered ensemble, and the particular regions are involved in functional interactions with partner proteins or other macromolecules [36] .
This might be the case with E46K-aS, which carries a mutation that promotes aggregation, probably by shifting the ensemble to more ordered states [37] . In accord, the aggregated state of WT-aS appears entirely ordered, which is in agreement with its folded, amyloid state. This state can be characterized by the absence of any "plateau", a small (0.08), nonzero B can be detected instead and a broad (HeR = 80%) slightly heterogeneous HeM = 0.67 character is dominant. For comparison, the monomeric WT-aS gives for HeR the same value, but B = 0.30 and HeM = 4.23.
d) Thymosin-β4, stabilin-2, and their complex (rows 9-11, Table 1) As suggested in the Introduction, molecular interactions of proteins have to include changes in their hydrate layer by definition. A local dehydration must ensue to allow the physical contact of two proteins, which infers that the local binding potential of hydrate water molecules is directly related to the capacity of the protein to bind partners. This is formally demonstrated in the case of the interaction between T-4 and stabilin. These proteins have been shown to be functionally related [38] , and here we demonstrate that our approach can prove their interaction. As follows from molecular logic, the sum of hydrate water molecules of the two proteins is significantly larger than the hydrate layer of their complex, which is the first example [24] in the literature that wide-line NMR can detect and characterize molecular interactions.
e) The effect of solvent (rows 4-9and 12 Table 1) In the case of proteins in solutions containing NaCl, the properties definitely shift towards "disorder" relative to salt-free solutions. The combination of the NMR and DSC results highlighted protein-ion interactions [17, 18] . At the same time, it is reasonable to ask the optimal ratio of protein to salt concentration to have a single-phase system (i.e. to get rid of the NaCl eutectic phase in our case).
f) Proline-rich region of Caskin1 protein (last three rows, Table 1) Segments of the proline-rich region of Caskin1 protein were among the first proteins we studied by wide-line NMR [16] , at a time when the influence of buffers (ions) on the structural status of a protein was not yet expected. This, however, contributes to a higher level of disorder, and probably distinguishes between the three segments, albeit to an unknown 26 magnitude. On the other hand, these later findings stress the importance of experimental accuracy in subsequent studies (cf. Figure 5 ).
g) Summary and Outlook
The uniqueness of our novel method stems from its capacity to provide a quantitative description of the energetic landscape of the hydrate layer of protein molecules. Since local dehydration events are inescapably linked with protein-protein interactions, the function of protein critically depends on this feature. Since protein folding is also an interaction phenomenon (between parts of the same polypeptide chain), it is also intimately linked with hydration. In accord, our method is uniquely sensitive to the folding state of proteins, and it can provide a quantitative measure of the folding state (might be called disorder) of a protein.
This enables to position a protein along the order/disorder continuum correctly, i.e. in a physically meaningful manner.
The quantitative order parameter developed in this work enables a rigorous treatment of the structural disorder phenomenon. Whereas it is agreed that structural disorder represents a continuum from fully ordered to fully disordered proteins, it has been a challenge to quantify its level in a model-free and experimentally defined way. Here, we provide a normalized and experimentally well-defined parameter, which seems to have the power to delineate important function-related features of (disordered) proteins. Because this measure derives form an actual energy scale, it has the potential to be directly related to the thermodynamic and kinetic features of protein function. It can give an energetic fingerprint of every protein molecules, which will enable one to explore proteins in a great variety of functional contexts. It is also descriptive of protein-protein interactions, a special case of which is amyloid formation in pathological processes. Importantly, these measures seem to be related to the actual behavior of proteins in live cells/tissues, as demonstrated by previous measurements on eye lenses, for example [25] . Alongside its time-effectiveness (a few hours is sufficient to map a protein), this makes the suggested technique uniquely effective in providing essential function-related details on the hydration behavior of proteins.
Finally, let us mention the short time span required for the measurement and evaluation procedure. A few hours is enough to map a protein, which shows promise for the investigation of processes and external effects too.
